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We investigate the diffusion of charge and spin at 15 K in p-type GaAs, combining transient-
grating and energy-resolved microluminescence measurements to cover a broad range of photo-
electron density. At very low optical power, in a unipolar nondegenerate regime, charge and spin
diffuse at the same rate, implying that the spin-drag effects are negligible. Upon increasing the pho-
toelectron concentration up to about 1016 cm–3, the charge diffusion constant decreases because of
ambipolar electrostatic interactions with the slower-diffusing holes while the spin diffusion con-
stant is reduced only weakly by the ambipolar interaction. A further increase in the excitation
power causes increases in both the charge and spin diffusion constants as a consequence of the
Pauli principle since the photoelectron gas becomes degenerate. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4985831]
I. INTRODUCTION
Numerous investigations of charge and spin transport in
semiconductors have led to the conclusion that spin degrees
of freedom may be transported independently of charge, due
to the effects of spin-orbit interactions,1–7 of the Pauli princi-
ple under degeneracy,8,9 or of spin Coulomb drag.10,11 In the
latter case, collisions between electrons of opposite spins
reduce the spin diffusion constant, making it smaller than the
charge diffusion one.
In the present work, we show a unique case where, in p-
doped GaAs at 15 K, the effective spin diffusion constant
can be larger than the charge one. This is because the elec-
trostatic interaction with holes affects spin diffusion less
than charge diffusion. Using a doped p-type GaAs film (Be
acceptor concentration NA ¼ 1:5 1017 cm–3, thickness
d ¼ 3 lm), we measure charge and spin diffusion constants
in a wide range of photoelectron concentrations, using a
combination of two complementary techniques. Charge and
spin transient gratings12,13 give absolute values of the charge
and spin diffusion constants at a relatively high carrier den-
sity. CW spatially resolved microphotoluminescence
(lPL)14,15 gives estimates of charge and spin diffusion con-
stants. Above 1016 cm–3, the charge and spin diffusion con-
stants increase because of the effect of the Pauli principle.
Conversely, at a low density, one observes a decrease in the
charge diffusion constant caused by ambipolar couplings
with holes. In contrast with charge diffusion, and in agree-
ment with theoretical predictions, ambipolar coupling
weakly affects spin diffusion so that, in the whole explored
range of excitation powers, the spin diffusion constant is
larger than the charge diffusion one.
II. CHARGE AND SPIN TRANSIENT GRATINGS
In a transient-charge-grating experiment, a pair of
“pump” laser pulses is simultaneously incident on the sam-
ple. The pulses are non-collinear and they interfere. Their
absorption excites photocarriers in a sinusoidal pattern of the
wavevector q. By locally modifying the index of refraction,
the photocarriers create a “grating” off of which the probe
pulses, arriving later, diffract, and the diffraction is measured
as a function of the time delay. The grating’s amplitude and
the diffracted signal may decay due to two mechanisms: dif-
fusion of charge from the grating’s peaks to its troughs, with
a charge diffusion constant Dgc , and photocarrier recombina-
tion, with the time constant s. The total decay rate is
1=sgc ¼ Dgcq2 þ 1=s, and so measuring the grating’s decay at
several q determines Dgc :
Conversely, if the two pump beams have crossed linear
polarizations,12 then it is the photoelectrons’ spins that are
modulated sinusoidally, while their density is spatially con-
stant. Thus, the grating is a pure spin grating, and the ambi-
polar effects are negligible. The grating’s amplitude decays
at the rate 1=sgs ¼ Dgs q2 þ 1=ss, because of recombination
and spin relaxation (1=ss) and unipolar spin diffusion (Dgs ).
In our experiments, the pulses that form the transient
grating had 100 fs duration, and the grating’s wavevector q
ranged from 1.5 lm–1 to 6.29 lm–1. The initial photoelectron
concentration was varied from 1:4 1016 cm–3 to 1:6 1017
cm–3. As described in Ref [16], a probe beam allowed het-
erodyne detection of the diffracted signal.
The measured decays of charge and spin gratings for
selected values of q appear in Fig. 1. For both, the signal S is
well described by a fast decay with time s1, which weakly
depends on q and is related to photoelectron cooling. This
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signal is followed by a slower, q-dependent decay with time
s2, with a small constant term
SðtÞ ¼ A1et=s1 þ A2et=s2 þ A3: (1)
For the charge grating, the fast transient is several pico-
seconds, while the slower transient ranges from 10 ps to
100 ps. Since this time is shorter than the recombination
time,17 the grating’s decay owes mainly to charge diffusion.
Indeed, the plot of 1=s2 vs q
2 in Fig. 2 shows a pronounced
slope due to diffusion, while its intercept 1=s is too small to
determine reliably. Similarly, Fig. 2 shows that the spin
grating’s decay owes almost entirely to spin diffusion,
rather than relaxation.
The diffusion coefficients obtained from the transient
grating are summarized in Table I as a function of electron
concentration at t¼ 0, which is directly related to the excita-
tion power. Note that both diffusion constants increase with
electron concentration and that the spin diffusion constant
remains larger than the charge diffusion one.
III. lPL INVESTIGATION OF CHARGE AND SPIN
TRANSPORT
A. Principle
For lPL investigations, as described in Ref. 14, the
sample is excited by a tightly focused, continuous laser beam
(Gaussian radius r  0:6 lm, energy 1.59 eV). Liquid
crystal modulators are used to control the helicity of the
excitation and to select the r6-polarized components of the
luminescence, of intensity Iðr6Þ, so that the total lumines-
cence intensity is given by I ¼ IðrþÞ þ IðrÞ. It is also
possible to monitor the difference signal, defined as
ID ¼ IðrþÞ  IðrÞ, and the luminescence degree of circular
polarization pL ¼ ID=I. The emitted light is focussed on the
entrance slit of a spectrometer equipped with a CCD camera
as a detector. An image given by this camera is shown in
Fig. 3, for an intermediate excitation power of 100 lW. A
cut of the image along the x axis, perpendicular to the
entrance slit, gives the local luminescence spectrum at a
given distance from the excitation spot.
The normalized local luminescence spectra, obtained
from an area of radius 0.4 lm centered on the excitation
spot, are shown in the bottom panel of Fig. 4 for selected
excitation powers. The spectra of the luminescence degree
of circular polarization are shown in the top panel. This
emission has been characterized by an independent study
using time-resolved photoluminescence, which has led to
the following conclusions.17 First, at very low power
[curves (a) and (b)], the luminescence spectra mostly
FIG. 1. The left panel shows the signal
diffracted from the transient charge
grating, for an initial photoelectron
concentration of 1:6 1017 cm–3. The
right panel shows the signal diffracted
from the spin grating at the same laser
power. The diffracted signal decays
more quickly for gratings of higher
wave vector q, due to diffusion of pho-
toelectrons and spins; from these
decays, the ambipolar charge diffusion
and unipolar spin diffusion coefficients
may be determined.
FIG. 2. The squares show the dependence of the inverse decay time s2 of the
charge grating, defined by Eq. (1), as a function of q2 under the same condi-
tions as Fig. 1. The dependence is approximately linear and the charge ambi-
polar diffusion constant Dgc is obtained from the slope of this dependence.
The closed circles show the same analysis for the spin grating, which gives
the spin diffusion constant Dgs . It is clear from the slopes that the spin diffu-
sion constant is larger than the charge one.
TABLE I. Measured values of the effective charge and spin diffusion con-
stants, as found from charge and spin gratings as a function of initial photo-
electron concentration. Values inside parentheses are the uncertainties in the
measurements.
Electron concentration Dgs D
g
c
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exhibit the eA0 emission near 1.505 eV, while the weaker
emission near 1.52 eV is associated with excitons trapped at
neutral acceptors (A0X). The high energy tail, up to
1.53 eV, has been attributed to free excitons formed with
heavy and light holes. This excitonic nature of the recombi-
nation is responsible for the structure of the polarization
spectrum in the 1:52–1:53 eV range, because of unavoid-
able sample strain at a low temperature which removes the
degeneracy between light and heavy hole states. Second,
curves (d) and (e) of the bottom panel of Fig. 4, obtained at
high power, correspond to a distinct regime, in which the
structure in the polarization spectrum disappears, revealing
that the emission peaking at 1.52 eV rather has a band-to-
band (BB) nature. In this range, the concentration of photo-
excited holes p becomes larger than that of dark holes p0
(1016 cm–3 at 50 K), and the exciton formation is prohib-
ited because of screening by holes. This screening occurs as
soon as the electron concentration becomes larger than
1016 cm–3.18 In the same way, at high power, the photoelec-
tron polarization strongly decreases because of exchange
interaction with the valence holes.17
The excitation-power-induced change of the lumines-
cence spectrum reveals the distinct kinetics of the eA0 line
and of the line near 1.52 eV attributed to BB or exciton emis-
sion depending on excitation power (BB=A0X). In the case of
the acceptor emission, since acceptors remain essentially
neutral because of the fast hole trapping,19 the acceptor
recombination time sA is independent of power. The inten-






ea eA0ð Þzn r; zð Þdz; (2)
where n(r, z) is the photoelectron concentration, r is the dis-
tance to the excitation spot, and z is the depth. Here, C is a
constant, and a is the absorption coefficient at the lumines-
cence energy. This intensity is proportional to the depth-




On the other hand, for the BB emission, and assuming local
charge neutrality,20 the recombination rate is proportional
to KBB½nðr; zÞ þ p0, where the bimolecular coefficient KBB
has been calculated before,21 so that the BB luminescence
intensity becomes dominant at high excitation, at which it
increases like n2. It is concluded that the monitoring of the
charge spatial diffusion should rather be performed from
the spatial profile of the acceptor emission, which gives the
spatial profile of the depth average hnðrÞi of the photoelec-
tron concentration.
A similar analysis shows that the difference signal on










ea eA0ð Þzs r; zð Þdz; (3)
where s(r, z) is the spin density and T1 is the spin relaxation
time. Thus, the monitoring of the acceptor difference signal
allows us to determine the average over depth of the spin
density.
Conversely, a cut of the image along the y axis gives the
spatial intensity profile at the corresponding energy, along a
line on the sample parallel to the spectrometer entrance slit
(the origin of ordinates denoting the distance to the excita-
tion spot). Under focused light excitation, neglecting for sim-
plicity the possible thermoelectric effects, the spatial profiles
of the intensity and difference signals are determined by the
diffusion equations, which are in steady-state






FIG. 3. Image of the intensity collected by the CCD camera at 15 K and for
an excitation power of 100 lW. The spectrometer slit is along the y direction
so that the section of the image along the x-axis gives the luminescence
spectrum at a given distance from the laser spot (see the top inset for a lumi-
nescence spectrum at the laser spot position). This spectrum reveals the BB
emission near 1.52 eV and the eA0 one at 1.505 eV. In the same way, a sec-
tion of the image along the y axis gives the luminescence intensity profile
along a line on the sample, at the corresponding energy. For the BB emis-
sion, such profile is shown in the right inset.
FIG. 4. The bottom panel shows the normalized local luminescence spectra
at 15 K for an excitation power equal to 0.21 lW (a), 24 lW (b), 0.11 mW
(c), 0.35 mW (d), and 2.18 mW (e) and reveals the cross-over between a low
power regime where the eA0 recombination is dominant to a high power
one, where the BB emission prevails. The top panel shows the spectra of the
luminescence degree of circular polarization in the same conditions and
reveals a decrease of polarization in the high-power regime.
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Here, g6 are the generation rates for 6 spins, e is the abso-
lute value of the electronic charge, 1=s ¼ KBBðnþ p0Þ þ
1=sA is the total lifetime taking into account acceptor and
BB recombination, and 1=ss ¼ 1=sþ 1=T1. The photoelec-
tron diffusion current is given by ~Je ¼ eDlc~rn, and the spin
diffusion current is given by ~Js ¼ eDls ~rs. Here, Dlc and Dls
are the effective local charge and spin diffusion constants
which appear in the microluminescence profile. These two
quantities take into account ambipolar effects and the Pauli
principle9,13,22 and their expressions will be given in Sec. IV.
Note that the Pauli principle also introduces a coupling
between these equations. This coupling is weak in the pre-
sent case and will be neglected.9,23
B. Determination of effective charge and spin
diffusion constants
For very low concentrations, the effects of ambipolar
diffusion and of the Pauli principle are negligible, and the
charge and spin diffusion constants Dlc and D
l
s have
concentration-independent values denominated by D0c and
D0s . They can be evaluated using combined measurements of
spatial diffusion profiles and of time-resolved measurements
of the relevant lifetimes.24 The bottom panel of Fig. 5 shows
the eA0 intensity spatial profiles for an excitation power of
320 nW, while the top panel shows the corresponding profile
of the difference signal. At very low power, the lifetime is
mostly determined by recombination at acceptors sA. As
shown in the figure, the two profiles have a nearly exponen-
tial background at a distance larger than about 10 lm. After
subtraction of this background, the spatial profile at a
distance larger than 2 lm, can be approximated by an expo-









¼ 1:0260:05 lm. Using s ¼ 0:960:05 ns
and ss ¼ 0:560:05 ns,17 we obtain the charge D0c ¼ 18:263
cm2/s and spin D0s ¼ 20:863 cm
2/s diffusion constants at
low power.
This finding deserves three comments. First, the photo-
electron charge and spin diffusion constants D0c and D
c
s are
equal within the measurement uncertainties. This implies
that spin drag10 is negligible so that the ratio sm=see of the
charge collision time and of the electron-electron spin
exchange collision time is small. Indeed, we calculate that,
at low excitation power, this ratio is of the order of 10–2 and
decreases with excitation power when the electron and hole
concentrations are increased, since holes very efficiently
screen the electron-electron exchange interaction.9 Second,
using Einstein’s relation, at an electronic temperature of
40 K, we obtain the photoelectron mobility le ¼ 5400 cm2/V
s. Although, to our knowledge, no independent measure-
ments of le have been performed at the same temperature,
the latter value corresponds with the value found in Ref. [25]
in the 100–200 K range. Finally, as shown in the Appendix
using profile analysis at variable emission and excitation
energies, the measured photoelectron charge and spin diffu-
sion constants are weakly affected by the formation of exci-
tons which has been found to occur at low power. This is
because exciton diffusion lengths are very small so that the
exciton formation is equivalent to local trapping.
As the excitation power is increased, the effective
charge and spin diffusion constants Dls and D
l
c are evaluated
from the difference and sum signals at the excitation spot,
respectively. Neglecting diffusion along z, we find that the
charge and spin diffusion time out of the excitation spot, of
the order of r2=4Dlc  50 ps, is more than one order of mag-
nitude faster than recombination and a factor of 4 faster than
the smallest experimentally measured spin lifetime at a high
power of 200 ps.17 The photoelectron depth-integrated
concentration at r¼ 0 is then mostly determined by lateral
diffusion and given by hnðr ¼ 0Þi  gr2=4Dlc .
26 Since g is
proportional to the excitation power P, and since hnðr ¼ 0Þi
is proportional to the acceptor luminescence intensity at the
excitation spot IeA0 , the quantity P=IeA0 is proportional to D
l
c
at r¼ 0. The absolute value of Dlc is then obtained using the
value at very low power determined earlier. A similar treat-
ment also gives the effective spin diffusion constant Dls .
The results shown in Table II exhibit two regimes. Up to
about 0.1 mW, Dlc decreases by about a factor of 3 to a typi-
cal value of 5 cm2/s. For a larger excitation power, one
observes an increase of Dlc which overcomes the decrease
due to ambipolar effects. A key result of the present work is
that throughout the range of excitation power, the spin diffu-
sion constant Dls is larger than the charge one. The decrease
FIG. 5. Curve (a) (bottom panel) shows the sum spatial profile for the eA0
emission at 15 K for an excitation power of 320 nW. Curve (b) shows an
exponential fit of the background signal, while curve (c) shows the spatial
profile after the removal of the background. This curve gives a charge diffu-
sion length of L ¼ 1:29 lm. The top panel shows the spatial profile of the
difference signal in the same conditions and gives a spin diffusion length of
Ls ¼ 1:02 lm.
095703-4 Cadiz et al. J. Appl. Phys. 122, 095703 (2017)
in Dls at a relatively weak power is smaller than that of the
charge diffusion constant and, at high power, its value is
comparable with that measured using spin gratings. The pur-
pose of Sec. IV. is to explain these results.
IV. INTERPRETATION
A. Model
Here, we give expressions for the charge and spin diffu-
sion constants obtained using both transient gratings and
microluminescence, taking into account ambipolar diffusion
and the effect of the Pauli principle.9,13,22,27 The spin diffusion
constant found using transient spin gratings has a relatively
simple expression since the photoelectron concentration is
spatially homogeneous so that no ambipolar effects are pre-
sent. One has
Dgs ¼ D0cðnÞ; (6)
where the quantity ðnÞ takes into account mostly the effect
of the Pauli principle on the spin stiffness, since the possible
contribution of the mobility to the concentration dependence
of ðnÞ is weak because of screening by holes of electron
collisions with ionized impurities. One has
 nð Þ ¼
f

1=2 g nð Þ½ 
f

1=2 g nð Þ½ 
; (7)
where fi is the Fermi function of index i, and gðnÞ is
related to the Fermi energy EF by gðnÞ ¼ EF=kBTe, where kB
is Boltzmann’s constant and Te is the temperature of the pho-
toelectron gas. In order to calculate the ambipolar diffusion
constants, it is necessary to couple the diffusion equations
[Eqs. (4) and (5)] with the corresponding diffusion equation
for holes. As performed elsewhere,13,22,28 one obtains the
internal electric field of ambipolar origin, from which one
finds the common value of the charge diffusion constants,
given by




where Dh is the hole diffusion constant, De ¼ D0cðnÞ is the
unipolar electron diffusion constant, and the conductivities
re ¼ elen and rh ¼ elhðpþ p0Þ are related to the electron
and hole mobilities, le and lh, respectively. Using the
Einstein equation for electrons and holes, this equation
becomes
Dlc ¼ Dgc ¼ D0c
p0 þ nð Þ nð Þ þ n
p0 þ n 1þ le=lh½ 
: (9)
In this equation, the factor ðnÞ, larger than unity, gives
the diffusion constant increase caused by the Pauli principle,
while the decrease in Dlc caused by ambipolar effects mostly
appears in the denominator, and is stronger when the ratio
le=lh of electron and hole mobilities increases.
A similar procedure shows that the spin current is given
by ~Js ¼ e½Ds~rsþ D0ap~rn, where p ¼ s=n is the spin
polarization. The spin diffusion constant obtained by micro-
luminescence is given by




where Dgs , given by Eq. (6), is the unipolar spin diffusion
constant, and
D0a ¼ Dþa þ Dþa ¼
re Dh  Deð Þ
re þ rh
: (11)
This expression can be rewritten
D0a ¼ Dh
1  nð Þle=lh
1þ lh 1þ p0=nð Þ= le½ 
: (12)
As seen from Eq. (10), there appears in a spin-spin cou-
pling of ambipolar origin described by a term proportional to
~rn.22 In the limit where the spin polarization p ¼ s=n is
spatially constant, one has Dls ¼ Dgs þ D0a ¼ Dlc , so that spin
diffuses like charge. In the opposite case where spin relaxa-
tion is very fast with respect to recombination, near the exci-
tation spot, s strongly decreases with distance, while
rn ¼ 0. Thus, close to the excitation spot, Dls ¼ D0cðnÞ, so
that spin diffusion is unipolar although charge diffusion is
ambipolar. This result qualitatively explains why the effec-
tive spin diffusion constant is larger than the charge one. In
this regime, under the sole effect of ambipolar diffusion
(nondegenerate electrons) and assuming n p0 and







and can be smaller than
unity for a large ratio le=lh. The physical reason for this
effect is that the diffusion of, for instance, spin-up electrons
creates an ambipolar electric field that acts on both spin spe-
cies. This coupling induces a decrease in the polarization at
the excitation spot, while the spatially averaged polarization
is unchanged, thus producing an increase in the spin diffu-
sion constant with respect to the ambipolar charge diffusion
constant.22
B. Analysis of the experimental results
In order to compare the results of the two experimental
techniques, it is necessary to determine the depth-averaged
electronic concentration hnðr ¼ 0Þi in the microlumines-
cence experiments. With this aim, Eqs. (4) and (5) were
numerically solved, imposing zero recombination velocity of
the front and back surfaces. The values of Dlc and D
l
s given
TABLE II. Measured values of the effective charge and spin diffusion





320 nW 18.2 (3) 20.8 (3)
1.2 lW 17.3(3) 17.6(3)
17.3 lW 4.7 (0.5) 9.1(1)
23.5 lW 4.5 (0.5) 9.0(1)
0.1 mW 5.4(0.5) 16.7(3)
0.34 mW 11.7(1) 44 (4)
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in Table II are shown in Fig. 6 using the calculated values of
hnðr ¼ 0Þi. While lPL results concern values of hnðr ¼ 0Þi
smaller than 3 1017 cm–3, transient grating results, also
shown in Fig. 6, use larger values.
Immediately apparent is the continuity between the two
types of experimental results. For charge transport, the
results show that the charge diffusion constant first decreases
because of ambipolar diffusion. At a concentration hnðr ¼
0Þi  1 1016 cm–3, which is the onset of degeneracy, the
charge diffusion strongly increases due to the effect of the
Pauli principle. Recalling that Dgs is a unipolar spin diffusion
constant, the continuity of the spin diffusion constants
between the two experimental techniques implies that, at
high power, Dls is little affected by ambipolar diffusion, but
essentially depends on the Pauli principle. This is a clear
qualitative verification of the above model.
Curve (a) of Fig. 6 shows the unipolar spin diffusion
constant Dgs , calculated using Eq. (6) and taking for simplic-
ity a power-independent temperature of the photoelectron
gas Te¼ 40 K, and using the low power values D0c ¼ D0s 
19 cm2/s. One obtains a very good agreement with the exper-
imental results. In order to verify that this temperature value
is reasonable, Te was estimated from the luminescence spec-
trum approximately 20 ps after the excitation pulse. For the
smallest value of hnðr ¼ 0Þi used for transient gratings
(hnðr ¼ 0Þi ¼ 4 1017 cm–3), one finds Te  45 K, i.e., a
value compatible with the value used for the fit. For the max-
imum excitation power, one finds Te  60 K, leading to a
modification in the theoretical value comparable with the
measurement uncertainty.
For comparison of the experimental results obtained by
microluminescence with the predictions of Eq. (9), the depth
averages of Dlc and D
l
s and of n, denoted hDlc i and hDls i and
hni, respectively, were calculated as a function of depth-
averaged concentration. Curve (d) and curve (c) of Fig. 6 give
the calculated values of Dlc and D
l
s , respectively, using
le=lh ¼ 8 and are in good agreement with the measurements.
The value of Dgc at the lowest concentration of hnðr
¼ 0Þi ¼ 0:4 1017 cm–3 is also in good agreement with the
above calculation [curve (d)]. However, the data points at a
higher concentration do not lie on curve (d), but rather on
curve (b), obtained using a smaller ratio le=lh ¼ 2:5. The
explanation for this finding is at the present time not
completely clear. Since the unipolar spin grating data are rel-
atively well interpreted by Eq. (6), we believe that the differ-
ence originates from the parameters of ambipolar diffusion.
This difference cannot come from the fact that transient gra-
tings involve hotter, nonequilibrium electrons since this
would increase the electron mobility, leading to the opposite
effect. This effect may be caused by the very strong depen-
dence of the electron mobility (T4:3e
29) leading to a signifi-
cant decrease in le for relatively weak increases in Te caused
by the increase in light excitation power. Another reason
may be the onset of degeneracy of the hole gas, which starts
for an electron concentration larger than hnðr ¼ 0Þi > 1017
cm–3 and may increase the hole mobility.
V. CONCLUSION
We have presented a detailed investigation at 15 K of
the charge and spin diffusion of a p-type GaAs sample, in
the NA ¼ 1:5  1017 cm–3 doping range and of thickness
d ¼ 3 lm, as a function of photoelectron concentration. We
have used an all-optical approach combining a microlumi-
nescence technique (in the 1013–1016 cm–3 photoelectron
concentration range) with charge and spin transient gratings
(for higher photoelectron concentrations, up to several
1017 cm–3). This combination shows that, over a wide
range of photoelectron concentrations and as summarized by
Fig. 6, the spin diffusion constant remains larger than the
charge diffusion one. This difference results from ambipolar
effects which slow down charge diffusion up to n  1016
cm–3 more than spin diffusion. We also observe, for higher
concentrations, the strong increase in both diffusion con-
stants because of the Pauli exclusion principle.
The fact that spin diffuses faster than charge because
of ambipolar effects is not limited to the sole case of pþ
GaAs. More generally, while the ambipolar charge diffu-
sion constant is given by Eq. (11), the second term of Eq.
(10) is of the order of D0að2pÞ
2
, where D0a is given by Eq.
(11).30 As a result, it is anticipated that reducing the accep-
tor concentration in the p-type material will increase the
magnitude of ambipolar effects and will reduce the photo-
electron polarization, thus reducing the ambipolar charge
diffusion constant and increasing that of the spin diffusion
constant. Similar effects are also expected for the n-type
material. In this case, assuming re  rh, one has
D0a  De, so that the spin diffusion constant can be arbi-
trarily close to its unipolar value depending on the value of
p which depends on the relative value of dark and photo-
electron concentrations.
FIG. 6. Summary of the results concerning charge and spin diffusion, as a
function of the photoelectron concentration at the excitation spot, with
experimental values shown by symbols and calculations by solid lines. The
spin diffusivity measured by the transient grating, Dgs , appears as blue
squares, while Dls , measured by lPL, as blue circles. The red squares show
the ambipolar charge diffusivity, Dgc , measured by the transient grating,
while that measured by lPL appears as red circles. All calculations use the
parameters D0s ¼ 19 cm
2/s, D0c ¼ 18 cm
2/s, and an electronic temperature
Te ¼ 40 K. The Dgs data are compared with curve (a), the unipolar spin diffu-
sion calculated from Eq. (6), while Dls are compared with curve (c), the
ambipolar spin diffusion calculated from Eq. (10). The charge diffusion
measured by both techniques is ambipolar and calculated from Eq. (9).
Curve (d), calculated with le=lh ¼ 8, matches the data well at a low con-
centration, while curve (b), with le=lh ¼ 2:5, matches the high-
concentration data.
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APPENDIX A: NEGLIGIBILITY OF EXCITONIC
EFFECTS
Here, we show that excitons do not strongly affect the
measurement of the charge and spin diffusion constants of
the conduction electrons. For this investigation, we analyze
the images obtained for a weak excitation power of 201 lW,
and a very low lattice temperature of 6 K, in order to increase
the magnitude of possible excitonic effects.
We have compared the diffusion profiles for electron-
related energies situated between 1.495 and 1.51 eV in the
spectrum and exciton-related emissions lying between 1.515
and 1.53 eV. Curve (a) of Fig. 7 shows the charge diffusion
profiles at 1.497 eV corresponding to the eA0 emission. The
analysis of curve (a) is performed by removing the back-
ground lying at a distance larger than 10 lm.31 As shown in
curve (c), this correction leaves a decay which corresponds
with a single exponential over 3 orders of magnitude, of
characteristic length L ¼ 1:7960:1 lm. Curve (b) of Fig. 7
shows the charge diffusion profile at an energy of 1.519 eV.
With respect to curve (a), one observes a slight additional
signal near the excitation spot. However, within experimen-
tal accuracy, the excitonic emission is characterized by the
same decay length. Qualitatively, this suggests the quasi-
absence of exciton diffusion, so that the excitonic profile is
determined by the conduction electron one. If one approxi-
mates the ratio Lx=L, by ðmesxÞ=ðmhhsAÞ  0:09, where me is
the conduction electron mass, mhh is the heavy hole mass,
and sx is the exciton recombination lifetime, one finds indeed
that the exciton diffusion length is of the order of 0:15 lm.
In order to evaluate the possible modification of the
electron diffusion length due to excitons, we have changed
the excitation energy. It is anticipated that the exciton
concentration will be significantly weaker for an excitation
resonant with the eA0 emission, which does not create
valence holes. Conversely, resonant excitation at the energy
of excitonic emission will increase the relative creation
of excitons with respect to conduction electrons. Shown in
Fig. 8 is the dependence of the charge diffusion length mea-
sured on the eA0 emission as a function of excitation energy.
Also shown for reference is the luminescence spectrum. It is
seen that the diffusion length weakly depends on excitation
energy. No decrease can be seen when the excitation is reso-
nant with the exciton luminescence. A slight increase is
observed below 1.51 eV, that is, for dominant excitation
from the acceptor levels. This increase may be caused by the
increase in the substrate luminescence caused by the weak
absorption of the excitation light by the thin sample in this
energy range.
In order to interpret in more detail the above results, one
uses the photoelectron and exciton rate equations which are,
in steady-state, at low excitation power, and neglecting for
simplicity the exciton trapping at neutral acceptors
0 ¼ gþ exnx  ðKxp0 þ 1=sAÞnþ D0cDn; (A1)
0 ¼ gx  ð1=sx þ exÞnx þ Kxp0nþ DxDnx; (A2)
where g and gx are the creation rates of electrons and exci-
tons by light excitation, sA and sX are the recombination
times for electrons at acceptors and for excitons, and ex is the
exciton rate of dissociation, as evidenced from the presence
of a peak in the photoconductivity spectra when the excita-
tion is resonant with the exciton energy.32 Here, Dx is the
exciton diffusion constant. The quantity Kx is the bimolecu-
lar exciton formation constant and p0 is the concentration in






















FIG. 7. Curve (a) shows the charge diffusion profile at an emission energy
of 1.497 eV corresponding to the eA0 emission and reveals the spatial diffu-
sion of photoelectrons. Curve (b) shows the charge diffusion profile at an
emission energy of 1.519 eV and reveals the effective spatial diffusion of
excitons. Curve (c) is obtained from curve (a) by removing the tail at a large
distance caused by the luminescence of the substrate, and closely corre-
sponds with curve (b), implying that the spatial diffusion profiles of elec-
trons and excitons are characterized by the same lengths.
FIG. 8. Curve (a) shows the dependence of the photoelectron diffusion
length, measured as shown by curve (c) of Fig. 7 at the acceptor lumines-
cence energy, as a function of excitation energy. Curve (b) shows for com-
parison the luminescence spectrum for excitation at 1.59 eV. Apart from a
slight increase near 1.50 eV, the diffusion length does not depend on excita-
tion energy, although the ratio of the electron and exciton concentrations is
strongly modified.
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is a measure of the electron/exciton coupling caused by exci-
ton formation and dissociation. The photoelectron and exci-
ton concentrations are given by










2nx 1 bð Þ ¼ Nþ  Nð Þ




þ Nþ þ Nð Þ;
(A8)
and exhibit two successive decay lengths, l26, for which the
relative amplitudes can be obtained from Eqs. (A7) and
(A8). The fact that, as shown in curve (c) of Fig. 7, only one
exponential decay length is observed implies that the spatial
transient corresponding with lþ cannot be resolved. Using
Eq. (A4), and the above value of Lx=L, one estimates
lþ=l < 0:1 implying that lþ  0:2 l m. This is indeed
smaller than the Gaussian radius of the laser spot, of 0:6 lm.
The experimental results can then be understood by neglect-
ing the exciton diffusion term in Eq. (A2), in which case one
has nxð1=sx þ exÞ ¼ Kxp0nþ gx. This equation implies that,
as observed in Fig. 7, the exciton luminescence profile is
identical to the electron one except near the excitation spot,
where gx can be significant. This slightly larger exciton lumi-
nescence near the excitation spot is observed experimentally
in Fig. 7. Using this expression of nx in Eq. (A3), we finally




 Kxp0þ1=sAð Þ 1bð ÞnþD0cDn: (A9)
This equation shows that exciton formation and dissociation
results in an increase of the effective lifetime by 1 b and




, but that the diffusion con-
stant is unaffected by excitonic effects.
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